The Flux-Pinned Interface for spacecraft is a maturing technology that offers unique benefits to a number of close-proximity spacecraft operations such as on-orbit reconfiguration and servicing, formation flying, and rendezvous and docking. As a part of this research effort, Cornell University's RAGNAR (Robust Autonomous Grappler for Noncontacting Actuation and Reconfiguration) team performed a series of microgravity experiments on Sept. 30 th and Oct. 1 st , 2010 via NASA's Facilitated Access to the Space environment for Technology (FAST) flight program. The goals of this project were to experimentally test a design of a CubeSat-scale flux-pinned interface for spacecraft and gather data that could validate the frozen-image model currently being used to develop simulations and controllers for this interface. This paper summarizes the experimental setup and frequency-and time-domain results of the flight experiment, and compares the empirically derived data against a set of simulations. The paper concludes with a summary of weaknesses and strengths of the model as a predictor for actual flight dynamics and lessons learned regarding the flux-pinned interface design. Nomenclature c = linear damping coefficient k = linear spring stiffness 0  = permeability of free space m = mass of the magnet module n = dipole moment vector , FC i n = dipole moment vector of magnet i at field-cooling n = dipole moment unit vector n/|n| d  = damped natural frequency ρ = relative position vector from the image to its source _ im s ρ = relative position vector from magnet i's mobile image to magnet s _ if s ρ = relative position vector of magnet i's frozen image to magnet s  = damping ratio American Institute of Aeronautics and Astronautics 2
I. Introduction
AGNETIC flux pinning is a phenomenon in superconducting physics that occurs between type II hightemperature superconductors and magnetic fields. When this type of superconductor is below its critical temperature, it resists changes to the magnetic flux distribution that was present during the cooling process. Thus, as shown in Figure 1 , when cooled in the presence of a magnetic field, the superconductor effectively "pins" the source of the magnetic field in the same position and orientation it had when it crossed below its critical temperature. This pinning effect can be designed to provide a non-contacting, passively stable six degree-of-freedom equilibrium and does not require power beyond that which is required to keep the superconductor cold. The unique physics of this interaction is advantageous in a variety of engineering applications, 1, 2, 3 but it is particularly well-suited to close-proximity spacecraft operations. Spacecraft applications of flux pinning focus on the concept of a flux-pinned interface (FPI), which consists of an array of magnets placed on one spacecraft module and a superconductor on another. The FPI allows flux pinning to influence the dynamics of the two spacecraft in close proximity, as depicted in Figure 2 . Modular space systems linked with magnetic flux pinning are stiff, passively stable systems with inter-module separation distances up to tens of centimeters. 4 The relative equilibrium of the modules can be altered on-orbit simply by changing the magnetic field in the FPI (for example, by varying currents in an electromagnet). 5 Thus, the natural dynamics of the FPI can provide impact attenuation, automatic docking alignment, and tunable stiff connections between spacecraft. As a result, FPIs offer a robust, flexible solution to proximity operations for spacecraft in a relative distance range that is typically filled with the most risk. These valuable characteristics of FPIs have been studied in applications as far-ranging as non-contacting isolated platforms, flux-pinned formation flying, 6 autonomous assembly of large-aperture telescopes, 7 magnetic kinematic mechanisms for spacecraft deployments, 8 solar sails, 9 and docking interface augmentation. 10 However, this technology must first advance through the Technology Readiness Levels (TRL) to become a proven and viable option for spacecraft developers. Basic low-TRL studies have already been conducted from both a science 11 and engineering perspective, 12 and research in proof-of-concept work in a laboratory environment has steadily advanced elements of the FPI to a more developed state. 13 Although these efforts have provided important insights into the FPI design, the critical test of this technology occurs around TRL 5 and 6, where the FPI must be demonstrated in a relevant environment.
For FPIs, a relevant thermal environment must be approximated with cryogenic coolers and a relevant dynamic environment necessitates microgravity. In 2009, the first iteration of a componentlevel revolute FPI joint was successfully demonstrated in microgravity, but the breadth of the results were hampered by the unreliable LN2 cooling solution and low-stiffness pinning, among other limiting factors. 8 In order to build on this work, a second generation FPI microgravity experiment was developed with a more traceable-to-flight cooling solution and a higher-stiffness FPI mounted on a higher-fidelity CubeSat mockup. This system, known as RAGNAR (Robust, Autonomous Grappler for Non-contacting Actuation and Reconfiguration) was flown on NASA's Facilitated Access to the Space environment for Technology (FAST) program in Sept. and Oct. of 2010. This paper details the setup and results of the RAGNAR experiments, and how the results of those experiments correlate to simulated data developed from the frozen image model of flux pinning. 14 The first section addresses the RAGNAR experimental setup, including the goals and hardware used in the project. The subsequent section discusses the model that was the basis for the simulations and the data processing techniques used to interpret the data, and the following section summarizes the simulated and experimental results based on the magnet module and CubeSat module that were flown in the experiment. Finally, the paper ends with a set of conclusions about the accuracy of the predictions, weaknesses in the model, and observations from the experiments.
II. Experimental Set-Up

A. Project RAGNAR
Project RAGNAR is a technology-advancement microgravity experiment and demonstration of a flux-pinned interface for close proximity spacecraft operations. In particular, the RAGNAR system consisted of a CubeSat-scale FPI system featuring a series of permanent magnets and electromagnets designed to interact with a YBCO superconductor cooled via a Q-drive cryocooler. In its flight configuration, the superconductor was affixed to the coldfinger of the cryocooler, which in turn was mounted to the surface of the microgravity aircraft. The magnetic modules (including a tracking magnet and the CubeSat spacecraft module) were then positioned over the superconductor to engage the FPI. A schematic of this arrangement can be seen in Figure 3 .
The primary mission of the RAGNAR project was to rapidly advance the development of FPIs for spacecraft by demonstrating key components of a working FPI in a relevant environment. The experiment involved recording the behavior of an FPI in microgravity to better characterize the dynamics of the interface and provide a comparison for the frozen-image model used in simulations. These results (discussed in subsequent sections) allow the dynamical model of FPIs to be refined for use in the design of future missions. A more accurate model will allow for a better understanding of the capabilities of any simulated FPI. In addition to studying the passive behavior of FPIs, the RAGNAR system was also equipped to study the dynamics of an electromagnetically actuated FPI. While the data were inconclusive on the actively controlled portions of the experiment, this component of the project serves as the basis of the advanced design for a fully autonomous, actively controlled FPI.
The RAGNAR experiment was also explicitly designed to enable future demonstrations to quickly build on its technological successes. In particular, another part of the project's goals was to implement a magnetic and thermal system that provided a more mature, integrated and easily evolvable FPI design. Thus, in order to make the system more adaptable to future experiment iterations, the spacecraft cube modules were designed to easily accommodate a variety of experiments and internal configurations to maximize the reusability of these modules as test articles. These modules also contain sensor, communications, and control subsystems that much more closely resemble a flight system. Building the RAGNAR modules to a small satellite scale allows for easy portability to a satellite mission because the relatively low cost and complexity of small satellites make them the most likely candidate for an orbital mission demonstrating FPI technology. Working at this scale also enabled the usage of a newly developed laboratory testbed designed to allow unconstrained three degree-of-freedom motion of CubeSat-scale modules. 15 The thermal system was also designed to provide a greater traceability-to-flight for an orbital demonstration by utilizing a cryocooler as its primary cooling source. This method of cooling the superconductors is ideal for use on a spacecraft where electric power could be obtained but cryogenic liquid would be impractical. The thermal system design provided insight into issues such as thermal contact, insulation thickness, and other issues that will inform future FPI designs. As is shown in subsequent sections of this paper, the RAGNAR project successfully accomplished these goals and advanced considerably the development of FPIs.
B. Experimental Hardware
The hardware used in Project RAGNAR comprised several distinct components working in concert to simulate a close proximity spacecraft operation. The three primary subcomponents of the RAGNAR system are: the magnetic modules, which produced the magnetic-field portion of the FPI, the thermal system, which contained the cooled superconductor in the FPI, and the sensor/control subsystem which recorded the data and controlled the experiment. During the experiment, the three subcomponents were physically separate, interacting only wirelessly or through a flux pinning interaction.
The two free-floating modules used to provide the magnetic fields in the FPI consisted of a Neodymium magnet covered in foam (shown in Figure 4a ) and a spacecraft module approximating a CubeSat (shown in Figure 4b and c). The magnet, with its smaller mass (60.5 g) and closer approximation of a dipole magnetic field, was used as a tracking target for motion capture data illustrating the dymanics of a FPI in microgravity. The magnet, which was calculated to have a field strength of 0.5233 T, is 2.54 cm in diameter and 1.27 m high, with an inertia calculated to be:
The spacecraft module, on the other hand, was designed to approximate an experimental CubeSat. Each side is approximately 12.5 cm, and the total mass is nearly 2.9 kg, with most of the extra mass being used to provide robustness in the design that is needed to withstand an experimental microgravity flight environment. The inertia is calculated to be: The spacecraft cube module was also designed to support a variety of experimental components for RAGNAR and future experiments. The modules are composed of two half cube structures, each with a slot that allows a card to be inserted and removed without disassembling the entire structure. Changing the experiment is a matter of removing the card and inserting a new one into the module. The cards are secured in the half cubes and the two half cubes are secured together to form the module. The hardware is secured together using spring-loaded quick release pins, making the assembly and reconfiguration of the modules possible in a matter of seconds. The assembled hardware can be seen in Figure 4b . Several different types of cards have been built to give the spacecraft modules the functionality necessary for flux pinning experiments.
The magnets that form the magnetic component of the FPI are mounted on one type of card used in the experiments. This card included two permanent magnets of the same size and strength as the tracking magnet, both mounted in the center of the cube in the same dipole direction to provide stiffness in all degrees of freedom. Four electromagnets ring the permanent magnets, each 2.54 cm in diameter and capable of being powered to 12 V. These actuators could be remotely activated in either magnetic dipole direction when desired, but were powered off during the field cooling process. A second type of card provided communications with the computer used in the experiment, commanded the use of the electromagnets, and provided motion history data for the movements of the module it was contained within. The sensing card used wireless Bluetooth to receive commands from the computer which were then given to the electromagnets in the magnet card. The sensing card also contained an inertial measurement unit (IMU) containing a gyroscope and several accelerometers. The IMU provided a record of the module's motion during the experiments, which was then recorded to an onboard flash memory card mounted on the sensing card. The YBCO, which provided the second part of the FPI, was mounted directly to a cryocooler assembly which kept the superconductor below its critical temperature. These components are detailed in Figure 5 . The cryocooler, a Q-Drive 2S102K pulse-tube model, was powered by the planes onboard suppy and cooled by venting surrounding air. In addition to the fans included in the cryocooler itself, two additional fans were used to ensure steady airflow through the cryocooler housing and achieve optimal cooling performance. The YBCO temperature was measured with a thermocouple bonded to its surface. All of these components were housed in a flight-rated Pelican case which protected the equpitment and allowed it to be mounted to the aircraft.
The data was primarily acquired via a high-speed 100 fps 640x480 motion capture camera with a view of the experimental area (approximately 3 feet away from the test area). This camera was connected to the experiment laptop, which recorded the motion capture data, interacted with other sensors, and allowed the experimenters to remotely control the experiment's electromagnets. These components were mounted to the aircraft in a second case approximately 4 feet away from the FPI. The camera, a Basler A600, provided high framerate video of the experiments, which was later used in motion capture analysis to track the positions of the FPI components. In addition to recording this video data, the laptop was used to wirelessly send commands to the cube module, allowing control of the electromagnet actuators to perturb the FPI.
C. Experimental Procedure
The experiments took place on two separate microgravity flights, and while both the tracking magnet and the spacecraft module were used on both flight days, the slight differences in the test setup produced slightly different results. The first flight day produced the highest-quality results from experiments that used the free-floating magnet to explore flux pinning dynamics in microgravity. The second flight day was primarily dedicated to using the cube module to demonstrate a simulated close proximity spacecraft operation. The procedures used during both sets of experiments were largely the same, with only small differences in how the FPI was setup and tested.
The experiment established flux pinning by introducing the desired magnetic fields and cooling the YBCO disk to below its critical temperature in the presence of those fields at a consistent field-cooling distance of approximately 1.6 cm (the distance from the top surface of the superconductor to the bottom surface of the magnet). The cryocooler required approximately 1.5 hours to cool the YBCO to below its critical temperature, the point at which the FPI can function. To ensure that this was achieved in time for the microgravity phase of the flight, the cryocooler was activated about an hour before the flight. During aircraft take-off the cryocooler container was closed for compliance with NASA safety procedures, reducing the cooling power of the cryocooler due to minimal airflow for heat ventilation. After reaching the experimental portion of the flight the case was opened for the duration of the experiment and the establishment of the FPI was verified with a magnet. The same cryocooler and YBCO configuration was used for both flights; the only difference in the flight setup between the first and second day was the magnet module primarily used for the experiment. On both flight days, the FPI was originally field-cooled with the spacecraft module mock-up configuration, and later in the experiment the system was re-cooled with the image of the tracking magnet. When the tracking magnet was the primary magnetic field source, it was directly controlled and physically manipulated during the experiment by one of the experimenters. Its dynamics were captured primarily via the high-speed motion capture camera and other hand-help video footage. When the spacecraft module was the primary magnetic field source, it was manipulated both manually and via laptop commands. The dynamics of the spacecraft module were also recorded via the motion capture camera and other handheld video devices in addition to IMU sensors both on-board the module and mounted inside the plane fixture.
Three members of the research team were present on the aircraft as experimenters during each flight. One experimenter controlled the laptop, overseeing the data collection and sending commands to the cube module through a custom GUI when required, as shown in Figure 6 (a). The other two experimenters were both adjacent to the cryocooler system assembly and operated the remaining equipment, as shown in Figure 6 (b). Their tasks included operating the cryocooler and thermocouple, taking video data from a second perspective to capture any data difficult to detect from the laptop station angle, and controlling the free-floating components in microgravity when they were not contained within the FPI.
III. Methods of Data Development
A. Analytical Dynamical Models
Flux pinning can be modeled many different ways. If the magnet's motion is relatively small when compared to the scale of the system, the interface acts as a non-contacting spring-mass-damper system. A simple harmonic oscillator is thus a valid model for small motions that do not significantly excite the nonlinear modes of the system. However, a complete understanding of FPIs requires a model that includes the nonlinearities in the system. The nonlinear analytical model used in this paper is called the frozen-image model for flux pinning. 14 This model assumes an infinite superconductor and perfect magnetic dipoles, which are reasonable assumptions if the experiment occurs at close relative distances and uses cylindrical magnets. However, because this model does not take into account edge effects, imperfect field cooling, the limited range of flux-pinning, or the spatial extent of the magnets, it is important to explore the validity of this model against data collected from actual FPIs. Because both the linear and nonlinear model can be useful ways to understand flux pinning dynamics, both models are employed in the analysis of the flight experiment results. The linear model is a simple unforced single-degree-of-freedom harmonic oscillator with the standard equation of motion:
where q is the state of interest, k is the stiffness, c is the damping coefficient, and m is the mass. Given a damped natural frequency ω d and a damping ratio ζ, this equation becomes:
The time and frequency response for each degree of freedom can be calculated with the initial conditions q 0 and 0 q . For the simulations, the damping ratio, damped natural frequency, and initial velocity state were tuned to minimize the residual sum of the squares with the experimental data, and the initial position or angle state was taken directly from the video footage. The nonlinear model, on the other hand, is much more complex in its setup. This model calculates the response of the FPI system by first setting up two "images" in the volume of the (infinite) superconductor for each magnetic dipole in the system. These two images are virtual magnets with a set strength, position, and orientation that induce forces and torques on the physical magnet according to the equations of interacting magnetic fields. 16 The first virtual image, known as the frozen image, is defined as having the same magnetic dipole moment as the source magnet during the field-cooling process, and a lateral position that is reflected over the surface of the superconductor. Being the "frozen" image, the position and dipole direction does not change if the magnet moves, providing a basin of attraction for the source magnet toward to its field-cooled position. If the source magnet is infinitely far away from the superconductor during field cooling, the frozen image is reflected to negative infinity and does not offer this same basin of attraction. The mobile image is also laterally reflected over the surface of the superconductor, but moves with the source magnet in real time. The mobile image has the same magnetic dipole moment magnitude, but the opposite polarity, which provides a repulsing force or torque that causes the magnet to seek the equilibrium field-cooling position. This image does not depend on field cooling, so all magnetic field sources are affected by it, even if it was not present during the field cooling of the superconductor. A depiction of these images can be seen in Figure 7 . 17 The simulation calculates the strength and position and orientation of each magnetic field during field cooling and during real-time, and produces the appropriate images accordingly. It then calculates the force and torque produced by those images on the spacecraft. For example, the magnetic force and toque induced by magnet 1 on itself is: 10 where ρ is the unit relative vector and  is the magnitude of the position from the image to its source, 1 n is the unit direction and 1 n is the magnitude of the dipole moment of magnet 1, 0  is the permeability of free space, and the subscript m represents the mobile image, f represents the frozen image, and a number represents a physical magnet with the corresponding number. A more detailed description of these values can be found in Ref. 10 . The summation of these forces and torques produces the net motion of the spacecraft module. The primary inputs, after providing the physical parameters from the hardware used, are simply the field-cooled position and orientation and the initial conditions of the magnet module. This adapted FPI frozen image model is the one used for the basis of the simulations, where the necessary parameters were selected based on the values from the RAGNAR hardware.
B. Flight Data Processing
The flight data that is considered in this paper comes from several minutes of recorded flux pinning interactions with both the tracking magnet and the spacecraft module. The raw camera footage was processed through the tracking software MaxTRAQ, which identifies high-contrast points in each frame of the pictures and outputs a file with a timestamp and the x and y pixel location of each point in the frame of the picture. The highest attainable sampling frequency was limited by the camera's physical limit of 100 frames per second, however, most of the data was collected out of the software at a lower frequency (near 26 fps). Camera drift was removed by tracking a known stationary point in the camera and then subtracting out the motion from the other points in each frame. The angles and distances relevant to the system were then calculated in units of pixels and degrees. Data points were converted into mm where appropriate by using known size of the tracking target, calculating its size in pixels, and multiplying all other points in that data set by the unit conversion. The approach assumes that in-frame motion causes minimal changes in the pixel size of the object. Finally, the equilibrium positions were calculated using frames in the camera where the tracking target is resting in place, and these values were subtracted out of the data set to allow the values to center near zero. The data sets were detrended for the frequency analysis.
The tracking magnet data was selected from four of the best parabolas in which the magnet was flux pinned to the superconductor. This data set included at least 8 excitation events in which the magnet was given a manual impulse of a known displacement and unknown velocity. Three degrees of freedom were calculated for each excitation event: the y and z position of the magnet, and the rotation about the x axis, as defined in Figure 8a . Since the magnet is axisymmetric about its z axis, any rotation in that axis has no stiffness due to flux pinning, so that degree of freedom was ignored in the data and any rotations in that direction were not considered in this analysis except to ensure that the magnet did not have a large spin rate so as not to influence the stiffness of other degrees of freedom due to gyroscopic torque.
The motion of the tracking magnet was calculated by tracking the corners of the top of the magnet and estimating the magnet's center as shown in Figure 8b . The points were assumed to be in the magnet's y-z plane. The angle about the magnet's x axis was calculated directly from the angle of the magnet's top two corners. The y position of the center of the magnet was assumed to be halfway between the two corners, and the z position was estimated directly. The direct estimate has more uncertainty due to the inexact nature of the point, whereas the calculations have uncertainty due to the combining of error from other points, but the points themselves were known more precisely. The error for a y position data set, which was calculated from more precise raw points, and the corresponding z position data set, which was directly estimated manually with coarser data points, are shown in Figure 10 . The spacecraft cube data was collected over 5 of the higher quality parabolas, with 20 free-float events occurring during the time in which the FPI was engaged. As will be discussed further in the results section, weaker pinning and a higher vulnerability to unsteadiness in the microgravity environment made the cube dynamics much more difficult to capture, so the response of the system due to manual and electromagnet actuations were not easily discernable, and each free-float event lasted for less time. Thus, the data were zeroed against the initial system states for that parabola instead of an equilibrium point. The cube was oriented on the camera frame as shown in Figure 9 . Five degrees of freedom were calculated for each free float event: the y and z position of the cube, and the rotation about all three axes, as defined in Figure 11a . Unlike the axisymmetric magnet, the cube's distinct features make it possible to determine the body-frame coordinates as it rotates in the frame of the camera.
The cube motion was calculated by tracking the corners of the top and right side of the y-z cube face. The center of the cube's y-z face was also tracked as shown in Figure 11b . The direct estimate of the center of the y-z cube face contains less uncertainty than the magnet's center due to the fact that the cube face center has distinguishing features that were easier to track. The rotation about the x axis was calculated the same way as the magnet's x rotation angle was calculated: using the angle between the top line of the face and the camera's frame. The rotation angles about the y and z axis, however, were calculated using the length of the cube edge in the y and z directions compared to the known length of the edge at zero rotation. This cosine relationship of the foreshortening of the edges makes it possible to extract the values of the rotation. 
IV. Analytical and Empirical Flight Dynamics
A. Tracking Magnet Dynamics
The tracking magnet dynamics showed clear signs of nonlinear oscillations in a moderately stiff FPI. The system rejected any perturbations in the microgravity environment (caused by turbulence as the plane flew the parabolic flight pattern) and was able to stay stiffly connected to the superconductor for as long as the plane's arc approximated a microgravity environment (up to 17 seconds of free-response time). The equilibrium position in the microgravity environment is offset from the field-cooled position by about 8 mm, and all of the data is shown relative to the equilibrium position. Figure 12 shows a selection of y position data for the magnet at 95 fps. A frequency analysis of this data suggests that the dominant frequencies are all on the order of 10 0 Hz. Thus, the data can be sampled at a lower rate without creating a sparse data set that does not fully capture the predominant dynamics of the system. The other data sets used in this paper have data collected at a frequency of at least 20 fps.
An analysis of the frequency content of the passive tracking magnet response can be seen in Figure 13 . For this plot, the frequency responses of three excitation events with different initial conditions from the same parabola were averaged together. Each response time was truncated to be approximately 4.8 seconds long, and the sampling frequency for all of the data used was 24 fps. Each Figure  13 subplot shows a different degree of freedom. The dominant frequency in the y position direction is 1.25 Hz and the linear damping coefficient c, estimated from the full width of the primary peak at half of the maximum altitude, is 0.148 kg/s. For the z position frequency response, the frequency value was estimated to be slightly lower, at 1.04 Hz and the damping coefficient was estimated to be higher, at 0.248. The rotation about the x axis was measured to have a dominant frequency near 1.25 Hz as well, and a damping coefficient of 0.157.
In order to match these values to a model of flux pinning, each data set was plotted against the single harmonic oscillator and the damped natural frequency, the damping ratio and the initial velocity were tuned to provide a minimum residual sum of the squares value. A representative data set is plotted against the result of this simple model matching in Figure 14 . In these plots, it is apparent that the y position and x rotation angle are much closer to a linear response. The equivalent linear damping ratio with the smallest residual sum of squares is 0.0184 for the y position, 0.055 for the z position and 0.071 for the x rotation angle. The damped natural frequency is 1.22Hz for the y position 1.25 Hz for the z position and 1.23 Hz for the x rotation angle. While these values indicate a rough approximation of the tracking magnet FPI system characteristics, examining the results in more detail shows the apparent nonlinearities in the FPI. The y position values and the x rotation values show a convincing correlation to the linear harmonic oscillator expressions, suggesting that the transverse motions of the tracking magnet FPI are capable of being approximated with a linear response, even with amplitudes as high as a centimeter from the equilibrium. However, the z position time history indicates that for the lateral directions (toward or away from the superconductor), a linear approximation is not characteristic of the results at all. This direction represents the motion of the highest nonlinearities and thus requires a nonlinear model to approximate its motion.
The full nonlinear model was given the field-cooling and initial position conditions, an approximated initial velocity of zero, and propagated for six seconds. The field-cooled and equilibrium positions were assumed to be the same. The results were then matched against a data set, shown in Figure 16 . The nonlinear model is clearly a more complex representation of the results. The z position values are clearly more regular and at a lower frequency than the initial portion of the flight data, but then the flight data appears to have a lower frequency at the end of the data set. However, the nonlinear response of the flight data is borne out by the simulationthe z position is much stiffer below its equilibrium (the solid line), and so is not able to complete a full sinusoidal response. The jagged peaks below the equilibrium can be seen in the flight data. The amplitude of the simulation data is almost twice as high as the flight data. The y positions, on the other hand, both have a characteristic beating in the frequency, which appears to repeat more slowly for the flight data than in simulation. The amplitude and damping characteristics match much more closely than in the z position.
These results suggest that the z transients may not be well-characterized by the nonlinear model, and that the pinning seen in the flight data may not have been as stiff as expected by the model. In order to approximate this effect, a slightly weaker-than-expected magnet was placed in the model instead (0.43 T instead of 0.5233 T), and the results are shown in Figure 15 . The transient nonlinear effects in the z position are still not modeled by the simulation, and the frequency is still not correct, but the y position plots are now in much better frequency and phase agreement. A study of the way the magnet strength influences the dynamics is shown in Figure 17 , which suggests that the z position frequency should be modeled by an even less stiff system (i.e., a weaker magnet, such as 0.32 T shows the highest correlation in the frequency domain). 
B. RAGNAR Cube Dynamics
The RAGNAR cube dynamical response to the flight FPI exhibited a low stiffness and inability to reject even moderate perturbations from the changes in the microgravity environment. A representative sample of the cube's performance is shown in Figure 18 . This data shows the cube hovering in a position for only 0.4 seconds before beginning to drift. While the scale of these plots is relative small, the effect of this drifting was large enough to cause a termination of the free-float segment. The effects of the FPI were observed by experimenters during the experimental runs, but the frequency content and stiffness of the system were not reliable from the data.
As a result, the cube module did not produce data during the experiment sufficient enough to compare to a simulation. The size of the cube module relative to the strength of the FPI was large enough that perturbing forces in the microgravity environment were of similar strength to the magnetic forces, making it difficult to separate their effects on the observed motion. In several instances, the outside forces were strong enough to break the FPI, with the result that any motion from that parabola was unreliable for validating the flux pinning interactions. The size of the module also caused the frequency of the system when perturbed to be large enough that very few cycles could be recorded during each of the 30 second intervals of microgravity. As a result of these factors, while flux pinning was established using the cube module, it was not distinct enough to make a meaningful comparison to the simulations. 
V. Conclusion
The RAGNAR project, as the second microgravity flight in which a flux-pinned interface for spacecraft was flown, successfully demonstrated a working FPI in microgravity with a more mature thermal and spacecraft system than previously implemented before. The hardware developed for these experiments will provide the basis for future work done on testing FPIs. The unambiguous footage of a magnet operating in the FPI provided a rich set of data that can be correlated against linear and nonlinear models of flux pinning.
The magnet system in microgravity had a different equilibrium than its field cooled position in the z direction by about 8 mm, which could not be modeled. The magnet system's dominant frequencies can be adequately sampled by a 24 fps data sample, and in the linear spring-mass-damper model is a reasonable approximation for small motions of the magnet, particularly in the x and y directions. Natural frequencies of the system were found to be on the order of 1.25 Hz and damping ratios were on the order of 0.01 -0.07. However, the z direction values cannot be captured by a linear system and should not be modeled as such.
The nonlinear model, which assumes an infinite superconductor and perfect dipoles, shows a complex relationship to the flight data, but overall trends are preserved, including a beat pattern in the shows a complex relationship to the flight data, but overall trends are preserved, including a beat pattern in the y position data and the nonlinear inverted peaks in the z position. The theoretical prediction of the response shows a stiffer system than the flight data, indicating a weaker pinning effect actually occurred during the experiment. This weaker pinning may occur when the field-cooling process is interrupted or if the magnetic field strength is weaker than theoretically calculated. When the model was adjusted to have a weaker magnet strength, a 0.1 T reduction in the strength of the magnet appears to match the frequency content of the y position, whereas lower strengths appear to be necessary to better correlate with the z position. More work is needed to fully determine how to alter the model to ensure an accurate representation of the FPI.
Because the spacecraft module was designed around a flux-pinned interface with relatively low strength interactions, the interface was vulnerable to interference forces from the plane environment. Even in the approximate microgravity environment, the strength of the interactions was small relative to the size of the experiment modules. Future flux pinning experiments will have to investigate options for significantly increasing this relative strength of the magnets to allow a more clear demonstration of the predicted interactions and prevent significant interference from the flight environment.
This technology development is a very active research topic in the Space Systems Design Studio, and the results of this FAST experiment have already proven to be a starting point for a number of new initiatives and improvements that will fast-track flux-pinned interfaces for spacecraft up the Technology Readiness Level scale, with hopes of flying a refined version of an autonomously actuating spacecraft cube by the end of the summer of 2012.
